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Abstract : Bone grafting is widely used to bridge major bone defects or to promote bone union. In the evaluation
of bone defect regeneration, 5 mm-diameter defects were created in rabbit calvaria. Concerning biocompatibility, fibrous
capsule thickness of CBHA (hydroxyapatite from cuttlebone) was significantly thinner than that of CB (cuttlebone)
and CHA (hydroxyapatite from coral) (p <0.05) at 2 and 4 weeks after implantation. Concerning 12-week total changes
of radiologic gray-level histogram, CBHA was significantly higher than CHA (p <0.05). In the evaluation of bone
defect regeneration, bone formation of CHA was significantly higher than that of CB and CBHA (p <0.05). Based
on the clinical and histological results, CBHA would be a safe material for use inside the body and has more effective
osteoconduction than CB. It is suggested that CBHA is a valuable bone graft material.
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Introduction

Natural calcium carbonate (CC; CaCOs) such as coral, egg-
shell has been used as a bone substitute material (5,6,7,10,19,
26). Through a hydrothermal reaction, the CaCO; skeleton of
CC is changed to hydroxyapatite (HA: Ca,,(PO,)s(OH),). HA
has been isolated from coral (CHA) (24), eggshell (23), and
cuttlebone (CBHA) (12,18). The basic difference between
HA and CC is that CC is biodegradable and HA is not or
only very little (26). Porous HA is biocompatible and osteo-
inductive (3). HA has attracted a great deal of interest as a
biomaterial for implants and bone augmentation since its
chemical composition is close to that of bone (18). Cuttle-
bone (CB), which is composed of CC has a porous structure
with all pore interconnected throughout the skeleton and CB.

The surface area of 12 other implants was compared and
reported that the surface area of demineralized bovine bone
was 79.7 m%g. This was five times higher than the surface
area of other bone regeneration materials (27). But, the sur-
face area of CB (386 m?%/g) was four times higher than that of
demineralized bovine bone. Buffering capacity of CB showed
the same pattern as that of CC. CB is composed of 53.25%
Ca, 26.78% O, 14.90% Na, 4.37% Cl, 0.50% Sr, 0.06% P,
0.06% S, and 0.05% Si (16). Most of calcium in CB was
present in a form of CC. Highly interconnective porosities
serve as channels for internal growth of blood vessels and
increase bone (27) and bone containing macro- and micro-
pores, which are interconnected to allow necessary body nutri-
ents and fluids to be transported, making bone an extremely
complex structure (1). Scanning electron microscopy has
revealed the multiplier structure of CB (2,16). The minimum
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pore diameter required for bone ingrowth and angiogenesis
into a scaffold is generally considered to be 100 um (21,22).
The porous structure diameter of CB is usually between 200
and 600 um (2), which is similar to cancellous bone (9). The
optimal osteoconductive pore size for ceramics appears to be
between 150 and 500 um (8). CB represent a new xenograft
material in cancellous bone (18). Until now, there have been
no reports on the potency of CB as a xenograft bone substi-
tute in compact bone studies.

The purpose of this study was to compare bone defect
regeneration after implantation of CB in a rabbit calvarial
defects model. Bone defect regeneration was measured by
radiologic, histologic, and histomorphometric methods.

Materials and Methods

Fabrication of implants

The CBI1 (Cuttlebone after defatting and freeze-drying),
CB2 (Cuttlebone after removing organic components) and
CBHA (Hydroxyapatite from CB2) were prepared from the
same genus of cuttle bone (Sepia esculenta). The CHA im-
plants used consisted of HA from coral (BoneMedik®, Meta-
biomed, Korea). The CB1 implants were processed as fol-
lows; for defatting, cuttle bone was immersed in chloroform
and methanol (1:1) for 6 days. Defatted cuttle bone was fro-
zen at —80°C for 24 hours. And then frozen cuttle bone was
freeze-dried at —80°C for 72 hours. And freeze-dried cuttle
bone was sterilized by ethylene oxide for 24 hours (4). The
CB2 implants were processed as follows; for removing of the
organic components the cuttle bone was immersed in 4%
sodium hypochlorite solution for 24 hours and washed with
distilled water for 24 hours. The cuttle bone was dried for 12
hours at 70°C in dry oven, and sterilized by ethylene oxide
for 24 hours (18).
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CBHA implants were processed in hydrothermal synthe-
sis: CB2 was put in 2M (NH,),HPO, in a Teflon® lined
hydrothermal bomb (Hydrothermal Reactor System®, Han-
woul Engineering, Korea) and heated for 16 h at 180°C. Then,
the block was immersed in 2M (NH,),HPO, and treated at
200°C for 24 h hydrothermally. After thoroughly washing
with distilled water, the block was dried at 90°C (18). After
X-ray diffraction (XRD) examination of the block, it was
used as CBHA. These implants were shaped into cylindrical
disks about 5 mm in diameter and 2 mm in thickness and
were sterilized by ethylene oxide gas.

CBl1bmp implant was CB1 with thBMP-2 (Recombinant
human bone morphogenetic protein 2). The rhBMP-2
(rthBMP2®, Korea Bone Bank, Korea) was produced by a
Chinese hamster ovarian cell expression system to yield a
glycosylated 26 kilodalton homodimer. thBMP-2 (100 pg/cm®)
was instilled into CB1 with use of a syringe (fine needle
infiltration) at the time of the operation (13).

Experimental animals and surgical procedure

Twenty seven 9-month-old, 3.2 + 0.5 kg male New Zealand
white rabbits were kept under a standard light-dark schedule
and were fed a stock diet and had access to tap water ad libi-
tum. The experimental protocol was approved by the Animal
Care and Use Committee, Jeju National University (approval
number 2010-0042). The rabbits were divided into six groups
as shown in Table 1. Aseptic surgical technique was applied
during the surgical procedure. They were anesthetized with
an intramuscular injection of a dose of tiletamine/zolazepam
(Zoletil50®, Virbac, France). After the anesthesia, incision
sites were shaved. The incision sites were then washed with
70% ethanol and scrubbed with 10% povidone iodine. Inci-
sion sites were exposed with a sagittal incision through the
skin and the periosteum at the midline of the calvaria. With
the use of a medical trephine burr (TPHB-B5®, Osung Mnd,
Korea), four standardized full-thickness 5 mm-diameter
osseous defects were created in the calvarium of each rabbit
under saline irrigation. In group CB1, CBlbmp, and CHA,
the left rostral defect was filled with CB1 disk, the left cau-

Table 1. Experimental design for the bone defect regeneration in
rabbits

Application
Rabbits  Group -
Site Types of implants
Blank R. Ros. Calvaria Blank
18 CHA R. Cau. Calvaria CHA
n=
CB1 L. Ros. Calvaria CB1
CBlbmp L. Cau. Calvaria CB1 + rhBMP-2
R. Ros. Calvaria Cuttlebone 2
CB2 )
0 L. Ros. Calvaria Cuttlebone 2
n =
R. Cau. Calvaria HA from cuttlebone
CBHA

L. Cau. Calvaria HA from cuttlebone

L: Left, R: Right, Ros: Rostral, Cau: Caudal, n: number of experi-
mental animal, CB: Cuttlebone, CHA: Hydroxyapatite from coral,
rhBMP-2: Recombinant human bone morphogenetic protein-2

dal defect was filled with CBlbmp disk, the right caudal
defect was filled with CHA disk, and the right rostral defect
was kept and used as a negative control.

In groups CB2 and CBHA, both sides of the rostral and
caudal defects were filled with CB2 and CBHA disks. The
skin was closed with 3-0 nylon. Immediately following im-
plantation, the rabbits were injected subcutaneously with a
dose of penicillin G procaine (Combimycin Inj.®, Green Cross
Veterinary Products, Korea) for 3 days.

Radiographic interpretation and radiologic gray-level
histogram (brightness) evaluation

Nine rabbits were euthanized at 4, 8, and 12 weeks postop-
eratively. The implants and the surrounding calvarial bone
were removed. The defect regions was submitted to contact
radiography in a dorso-ventral plane with a Kodak Direct
View CR975 X-ray System (Eastman Kodak, USA) at an
exposure of 42 kVp and 6.4 mAs. Bone formation was eval-
uated by gray-level histogram in radiograph processing using
Adobe® Photoshop® 7.0 (Adobe Systems, USA). The histo-
gram of each implant was measured before implantation to
calibrate the radiologic gray-level histogram. Then, the histo-
gram of the implants were measured at 4, 8, and 12 weeks
after implantation, and the changes of the histogram were
recorded on the basis of a calibrated histogram.

Histologic investigations and histomorphometric analysis

Removed calvarial bone was immersed in 10% phosphate-
buffered formalin for 3 days and decalcified for 7 days using
5% formic acid. It was dehydrated in an ethanol series, em-
bedded in paraffin, and cut into 6 mm-thick sections. The
sections were stained with H&E stain. The defect closure
was determined with a CCD camera-based digital image
analysis system (Fig 1). The rate of bone defect regeneration
was determined by a histomorphometric method: rate of bone
defect regeneration (%) = [(original defect width, mm) — (re-
mained defect width, mm)]/ (original defect width, mm) x
100 (14,20,25).

Statistical analysis
The Statistical Package for the Social Science, version 17.0
software (SPSS, USA) was used for data analysis. Mann-

_ Original bone
_ New bone

The rate of bone defect regeneration (%) = (a - b) / a x 100

Implant

Fig 1. Measurement of bone defect regeneration in rabbit cal-
varia by histomorphometric parameters. The measurement was
performed 4, 8, and 12 weeks after implantation.
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Whitney's u-test was used to evaluate differences between
each group. A p value < 0.05 was considered statistically sig-
nificant.

Results

Radiologic evaluation

At 4 weeks, in group CB1 and CB1bmp, the radiopaque
implant sites were observed. In group CHA, the implant site
was more radiopaque than the sites in group CBI1 and
CBl1bmp. In group CB2, partial bone regeneration was
observed and the radiopaque implant site was delineated
from the surrounding bone by a radiolucent border. In group
CBHA, bone regeneration processing towards the centre of
the defect was observed and radiopaque implant site was
delineated from the surrounding bone by a radiolucent border.

At 8 weeks, the radiopaque implant site in group CBI
revealed a more enlarged circle than group CBIbmp and
CHA. In group CBlbmp, a radiopaque implant site was
observed and the radiopaque implant site was delineated
from the surrounding bone by a radiolucent border. In group
CHA, the more radiopaque implant site was observed than
group CB1 and CB1bmp. In group CB2, partial bone regen-
eration was observed and the more enlarged circle was ob-
served than group CBHA. In group CBHA, bone regenera-
tion processing towards the centre of the defect was observed
and the radiopaque implant site was delineated partially from
the surrounding bone by a radiolucent border.

At 12 weeks, in group CB1 and CB1bmp, partially radio-
paque implant sites were observed. In group CHA, a more
radiopaque implant site was observed than in groups CBI1
and CB1bmp. In group CB2, a radiopaque implant site was
observed and the circle was more enlarged than in group
CBHA. In group CBHA, bone regeneration processing towards
the centre of the defects was observed. At 12 weeks, bone
regeneration strikingly advanced in group CBHA comparing
with the group CB1, CB2, and CB1bmp.

Total changes of radiologic gray-level histogram
(brightness)

In group CBHA, total changes of the radiologic gray-level
histogram was significantly higher than that of the group
CHA during 12 weeks after implantation (p < 0.05), but there
was no significant difference compared with that of the group
CB1, CB2, and CB1bmp. In group CHA, total changes of
radiologic gray-level histogram during 12 weeks after im-
plantation was significantly lower than that of the other
groups (p <0.05). In group CB1, CB2, CB1bmp, and CBHA,
total changes of the radiologic gray-level histograms were
similarly changed during the 12 weeks, but there was no sig-
nificant difference compared with that of the other groups. At
12 weeks, group CHA was significantly lower than that of
the other group (p <0.05) (Fig 2). This evaluation was cali-
brated as the numerical value.

Histomorphometric analysis for bone defect regener-
ation

The rate of bone defect regeneration of the implanted site
in group CHA was significantly higher than that of other
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Fig 2. Total 12-week changes of radiologic gray-level histogram
in each specimen. The change of gray-level histogram in group
CBHA was the highest after implantation, but there were no sig-
nificant differences between group CB1 and CBlbmp. Values
expressed as mean + SE.

o Significantly lower than other groups after implantation (p <
0.05).
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Fig 3. The rate of bone defect regeneration group CB1, CB2,
CB1bmp, CBHA, and CHA specimens. Values are expressed as
mean + SE.

e Significantly higher than other groups at 4, 8, and 12 weeks
after implantation (p < 0.05).

m Significantly higher than group CBHA at 8 weeks after
implantation (p < 0.05).

groups at 4 and 8 weeks after implantation (p <0.05). At 12
weeks, the rate of bone defect regeneration in group CHA
was significantly higher than that of group CBI1, CB2, and
CBlbmp (p <0.05). But, there were no significant differ-
ences between group CHA and CBHA (Fig 3).

Histologic evaluation

At 4 weeks after implantation, all graft materials in the cal-
varial defect area were surrounded by moderate to severe
dense fibrous collagenous fibers (Fig 4). Multifocal to dif-
fuse inflammation composed of neutrophils, macrophages,
and foreign body giant cells were scattered in the adjacent
area of fibrous tissues. In the CHA group, proliferated collag-
enous fibers were invaginated into the graft materials.

At 8 weeks after implantation, overall fibrous stromal reac-
tion in each group was gradually increased, as compared to 4
weeks. However, the inflammatory reaction was dramati-
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Fig 4. Histologic sections of group CB1 (a), CB1bmp (b), CB2 (c), CBHA (d), and CHA (e) at 4 weeks after implantation (black
arrows: defect margins). Group CB1 and CB1bmp were encapsulated by fibrous connective tissue (a, b: red arrows). Bone defect
regeneration was observed at defect margins in group CBHA and CHA (d, e: blue arrows). The sections were stained using H&E.

Fig 5. Histologic sections of group CB1 (a), CB1bmp (b), CB2 (c), CBHA (d), and CHA (e) at 12 weeks after implantation (black
arrows: defect margins). CB1 and CB1bmp implants were still encapsulated by thick fibrous connective tissue (a, b: red arrows). New
bone formation was observed in group CBHA (d: blue arrow). The sections were stained using H&E.

cally decreased. Compared with other groups, most graft mate-
rials were replaced by inward growing new bone in group
CHA.

At 12 weeks after implantation, variable extents of bone
growth into defect areas were observed in all experimental
groups (Fig 5). New bone formation extended into graft mate-
rials in group CBHA and CHA (Fig 6). However, fibrous
stromal and inflammatory reactions still remained in groups
CB1, CBlbmp, CB2, but little remained in groups CBHA
and CHA. In group CHA, an obvious continuity of cortical

bone from the calvaria was observed in both sides of the
bone defect. A marked increased number of osteoblasts were
present at the surface of bonny spicules. Multifocal bone
marrow formation also existed in cortical bone (Fig 5, 6).

Discussion

The critical size defect was not suggested in a rabbit calva-
rial model (25). The critical size defect depends on the pres-
ence of the periosteum (11). A defect with a diameter of



414 Sangcheol Won, Joo-Myoung Lee, Hyunjung Park, Jongpil Seo and Jongtae Cheong

Fig 6. Histologic features of new bone formation in group CB1 (a), CB1bmp (b), CB2 (c), and CBHA (d) at 12 weeks after implan-
tation. New bone formation (asterisks) was observed around the graft material (G) in group CB1 or CB1bmp and inside of graft mate-

rial in group CBHA. The sections were stained using H&E.

5mm is a commonly used size a rat models (6,19). Pres-
ently, considering the convenience of operation, defects with
a diameter of 5 mm were created in the calvaria of rabbits and
the periosteum surrounding the implant was widely-removed.

Interconnecting pores are the pathway for new vessels,
which is an advantage for new bone formation (22). Blood
supply to the cancellous bone is much better than to the com-
pact bone. For this reason, bone regeneration in cancellous
bone is faster than in compact bone. Nevertheless, this study
was performed to the compact bone, in order to directly
observe the bone defect regeneration without cartilage forma-
tion.

The lowest dose of thBMP-2 needed for defect healing
was between 40 and 160 pg/cm’® and suggested a 100 pg/cm’
dose, based on results in canine ulnar defect model. In this
study, the dose of thBMP-2 was 100 pg/cm® (13). From the
results, we decided that the dose of hBMP-2 in CB was suit-
able or not, because this study was not focused on the deter-
mination of dose of thBMP-2. But the dose of 100 pg/cm’
was effective in bone defect regeneration.

In bone defect regeneration, radiologic analysis is com-
monly used to compare the feasibility of bone graft use in
different studies (6,7,13,15). In group CHA, a more radio-
paque implant site was observed than apparent in the sur-
rounding bone and the other groups at 12 weeks after im-
plantation. Bone regeneration was determined by changes of
radiodensity. For this reason, bone regeneration processing of
CHA implant could not be observed during 12 weeks after
implantation. But, 8 and 12 weeks after implantation, an ill-
defined change was apparent between bone and implant,
indicating that bone remodeling occurred in the CHA group.

This finding is same result with other studies (5,7). In group
CBI, the size of defect was enlarged at 8 weeks after implan-
tation.

This osteolysis is thought to be immune responses. In this
study, this foreign body reaction can be found in the biocom-
patibility test of CB1. A similar observation was reported in
some study (7). In the latter study, an excessive foreign body
reaction characteristic of encapsulation was evident. The
xenografts still have some disadvantages in terms of graft
incorporation, resorption, mechanical strength, and other pro-
blems linked to immunologic rejection and microbiologic
contamination (15). Presently, groups CB1 and CB1bmp were
encapsulated with a dense fibrous tissue with inflammatory
cells such as neutrophils, macrophages, and foreign body
giant cells at 4, 8, and 12 weeks after implantation. For this
inflammatory reaction, freeze-drying after defatting was not
suitable for CB.

In group CBHA, the most visible bone regeneration pro-
cessing towards the centre of the defect was observed. The
biocompatibility of CBHA echoes the findings of another
study (3).

Gray-level density was measured on the basis of the stan-
dard radiographs, and the percentage of radiopacity was
determined with a computer algorithm that divides the radio-
paque area of the defect by the total area of the measuring
frame (28). Presently, the radiologic gray-level histogram was
measured for objective assessment of the radiologic findings
using s similar principle. The gray-level histogram change in
group CBHA during 12 weeks was the highest, indicating
that bone regeneration in this group is most active, corrobo-
rating the results of radiologic analysis. However, there was
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no significant difference in the gray-level histogram changes
between groups CB1 and CB1bmp during 12 weeks. Evalua-
tion of bone defect regeneration was measured objectively by
gray-level histogram. The result supported that of a previous
study (28).

To confirm the bone regeneration capacity, the defect clo-
sure of each group was measured 4, 8, and 12 weeks after
implantation. The measurement of defect closure has been
used before (14,20). The amount of newly-matured bone in
the implanted material with rhBMP-2 was more than that
evident without rhBMP-2 (17). In this study, after 8 weeks,
group CB1bmp showed significantly higher result than group
CBHA (p <0.05). It is considered that the rhBMP-2 played a
critical role in bone regeneration, but CB1 did not partici-
pate as the scaffold of rhBMP-2, considering the thickness of
connective tissue. It is considered that thBMP-2 contained in
CB1 was freed to the surrounding bone tissue where it pro-
moted the bone regeneration, but hBMP-2 did not spread to
the other implant sites. Regarding overall changes of defect
closure, the bone regeneration capacity of CHA was the
highest, followed by CBHA. Because this measurement of
bone defect regeneration is invasive, the radiologic gray-level
histogram will be a valuable method in clinical use. Advan-
tages of CB and CBHA include their read availability, inex-
pensive cost, unlimited quantity and soft-textured surface.
However, they suffer from weak strength. Conversely, CB
and CBHA are easy to process and are suitable for use in
irregular bone defects like sealing bone wax. Considering the
biocompatibility of CBHA, the possibility that BMP acts as a
scaffold is expected. Furthermore, CBHA will be able to be
used by carrier or scaffold in stem cells. It was inconvenient
not to have a study of CB2 + rhBMP-2.

Ideal bone substitutes should be resorbed with time and
replaced by newly formed bone (23). In this study, newly
formed bones and bone resorption were observed inside of
graft material in group CBHA 12 weeks after implantation.
But, there was no new bone formation in groups CBI,
CB1bmp, and CB2. It is considered that the CBHA is a more
biocompatible material in compact bone defect regeneration
than CB1, CB1bmp, and CB2. However, further experiments
are necessary to find out in more detail about the suitable
absorptivity of CBHA.

To apply the most effective scaffold of bone graft substi-
tute, various preparations of CB and different types (such as
powder, paste, granule) of CBHA implantation should be
studied.

Conclusion

This study was conducted to evaluate the biocompatibility
of CB1, CB2, CBHA, and CHA using a mouse subcutane-
ous implant model and bone defect regeneration with CBI1,
CB2, CB1bmp, CBHA, and CHA in a rabbit calvarial defects
model. The efficiency was compared with other commonly
used CHA. The findings of this study indicate that CBHA is
a safer material for use inside the body than CHA. CBHA
has a more effective osteoconduction than CB1, CBl1bmp,
and CB2. CBHA is a valuable bone graft material in com-
pact bone defect models.
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